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In  recent  years,  in  reaction  to  the increasing  usage  of  urban  areas,  the  excavation  of underground  spaces
has  been  developed.  One of  the  most  challenging  issues  encountered  by  engineers  is the construction  of
subway  stations  as  large  underground  spaces  at shallow  depth  with  soft  surrounding  soils.  In  this  paper,
Naghshe  Jahan  Square  subway  station  located  in Isfahan,  Iran,  has  been  simulated  by  geomechanical
ﬁnite  difference  method  (FDM).  This  station  is  located  under  important  historical  structures.  Therefore,
the ground  displacement  and  surface  settlement  induced  by the  excavation  of the  subway  station  should
be  strictly  controlled.  Many  of such  problems  are  affected  by  selected  excavation  method.  For  these
reasons,  different  underground  excavation  methods  associated  with  construction  have  been studied.  In
this study,  sequential  excavation  method  and  large-diameter  curved  pipe  rooﬁng  method  are  used  andarge-diameter curved pipe rooﬁng method the numerical  results  of  the two  methods  are  compared.  The  presence  of  groundwater  table  obliges  us  to
choose  special  techniques  for the stability  of  the ground  around  the  subway  station  during  construction;
hence  compressed  air and  ground  freezing  techniques  are  utilized  in  the  simulations  of  the  subway  station.
Finally,  after  choosing  appropriate  support  systems,  the large-diameter  curved  pipe  rooﬁng  method  with
1.5 m  spacing  between  curved  pipes  is proposed.
© 2013 Institute  of  Rock  and  Soil  Mechanics,  Chinese  Academy  of  Sciences.  Production  and  hosting  by
o
s
u
2
2
s
m
t
t
t. Introduction
In recent years, different excavation methods have been used in
unnel excavation, such as sequential excavation method (Gomes
t al., 2009), cut and cover method, enlargement shield tun-
eling method (Kunihiko and Kenichi, 2006), multi-face shield
onstruction method (Kunihiko and Kenichi, 2006), microtunneled
rch method (Lunardi, 1990), concrete arch pre-supporting sys-
em (Sadaghiani and Dadizadeh, 2010) and large-diameter curved
ipe rooﬁng method (IDI, 2008). In this study, at the ﬁrst stage,
he sequential excavation method as a commonly used method
n Iran and the large-diameter curved pipe rooﬁng method as
 new method at present are introduced and then the excava-
ion of Naghshe Jahan Square subway station by taking advantage∗ Corresponding author. Tel.: +98 9360463911.
E-mail address: mortezaabdi90@gmail.com (M.A. Cherlo).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
674-7755 © 2013 Institute of Rock and Soil Mechanics, Chinese Academy of
ciences. Production and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jrmge.2013.09.003
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f numerical modeling is analyzed. Finally, the feasibility of the
ubway station excavation with regard to numerical results is eval-
ated.
. Excavation methods
.1. Sequential excavation method
In this method, after the gradual excavation of underground
pace and a permissible deformation, a suitable support system
ust be installed. Performance procedure in this method is related
o the soil condition around the underground space. According to
he soil homogeneity, underground space could be excavated par-
ially or completely (Tonon, 2010). One of the excavation methods
hat is effective in reducing the settlement of ground surface is the
equential excavation method with middle columns introduced by
rshad and Helﬁn (1988).
.2. Large-diameter curved pipe rooﬁng method
The large-diameter curved pipe rooﬁng method was introduced
n Japan in 2008. This method was  initiated for the construc-
ion of the Tomigaya Entrance/Exit Tunnel project of the Tokyo
etropolitan Expressway. In this method, before the excavation
f underground structures, large-diameter steel curved pipes were
laced as freezing equipment from inside of the pre-excavated
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aFig. 1. Construction image inside enclosure (Kunihiko and Kenichi, 2006).
unnel to create frozen soil as a pre-supporting system so that
he inside of the pre-supporting system could be excavated by
ountain tunneling method. Fig. 1 shows the inside of a shielded
nclosure and equipment for the construction of underground
tructures by large-diameter curved pipe rooﬁng method, such as
1) the departure entrance; (2) the lower frame; (3) the bottom
hrusting equipment; (4) large-diameter curve boring machine; (5)
he lower and upper parts of the curved pipe roof segment; and
6) the end-point entrance room of the ramp shield (Kunihiko and
enichi, 2006).
. Different methods to prevent water entrance into
nderground space
There are some methods for the excavation of urban under-
round space in soft ground beneath water table, such as
ewatering, chemical consolidation and grouting, freezing, closed
ace tunneling machines and compressed air. All of these meth-
ds have some advantages and disadvantages. The compressed air
ethod is still frequently used, and it is important that engineers
nderstand this method’s effect upon both labor force and envi-
onment in order to decrease its incompatible effects.
.1. Compressed air
Compressed air in shallow tunneling is used to prevent the ﬂow
f water into underground structures and nowadays, especially
n urban areas, it is very useful because the usage of compressed
ir impedes the decrease of groundwater level and obstructs the
dvent of pollutant materials into underground space. One of
he notorious diseases related to work in places with high pres-
ure is decompression illness and also there are many pernicious
nﬂuences on workers’ health while they are working under com-
ressed air (Kindwall, 1988; Lamont, 2000). In this condition, the
ompressed air is applied uniformly in underground structure
erimeter and it is equal to the water pressure in underground
pace invert. The pressure applied to the model is different between
he compressed air pressure and water pressure, and the remaining
ressure is applied in underground space and its perimeter that
emporary support system was installed (Fig. 2) (Kirkland, 1984).
fter the installation of ﬁnal lining, the compressed air pressure
as removed. In this paper, the magnitude of the pressure for the
xcavation of the subway station in sequential excavation method
s 1.026 bar (1 bar = 100 kPa) that is less than the critical value
2.4–2.7 bar) (Bickel and Kuesel, 1982).
.2. Ground freezingIn ground freezing process, by converting in situ pore water
nto ice, the soil particles link together like the cement in con-
rete. According to the strength and impermeability of the frozen
T
t
s
sig. 2. The different pressures and the remaining pressure applied to the station.
oil mass, using ground freezing especially in tunneling under the
oundation of buildings is very signiﬁcant in reducing ground sur-
ace settlement and the movement of building foundations. Brine
r liquid nitrogen is usually used for ground freezing. The strength
haracteristic of frozen soil has been widely used in the design and
onstruction of underground activities (Habetaand and Schäfers,
006). Regarding different researches, the Mohr–Coulomb yield
riterion is suitable for frozen soil when the conﬁning pressure is
ess than 4 MPa, and it is not suitable when the conﬁning pressure is
igher than 4 MPa. A non-linear Mohr–Coulomb criterion was  sug-
ested by Yang et al. (2010), in which the generalized friction angle
nd cohesion are regarded as the functions of conﬁning pressure.
his criterion was proposed based on the experimental results. For
etermining the bulk modulus and shear modulus of frozen soil,
he curves of relation between them and conﬁning pressure were
sed (Lai et al., 2009; Yang et al., 2010).
. Site speciﬁcation
Naghshe Jahan Square as an important historical construction
n Isfahan, Iran, has the dimension of 507 m × 158 m. The diameter
f twin subway tunnels excavated by shield tunneling method is
 m and the dimension of subway station for the two excavation
ethods is about 24 m in width and 102 m in length. The ground-
ater level is 10 m lower than the ground surface and the distance
etween the station crown and the ground surface is about 11 m.
he cross-sections of the subway station and soil layers for different
xcavation methods are shown in Fig. 3.
. Numerical modeling
The two models in numerical analysis have the dimension of
60 m in width (x-direction), 76 m in height (y-direction), and 80 m
n length (z-direction). The number of meshes with 0.5 m in length
z-direction) is 160 (Fig. 4). The segments used in TBM tunneling
ave the thickness of 0.3 m and the length of 1.5 m along the axis
f tunnel. The model boundaries are ﬁxed in x-direction and y-
irection, and also the bottom boundary of the model is ﬁxed in z-
irection, but the top boundary of the model is free and could move
long z axis. The ratio of horizontal stress to vertical stress (K) is 0.6.
rafﬁc load is about 20 kPa which is applied over ground surface and
he groundwater table is applied in the model. Table 1 shows the
oil layers parameters surrounding Naghshe Jahan Square subway
tation.
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Fig. 3. The cross-sections of the subway station excavated by (a) sequential exca-
vation method and (b) large-diameter curved pipe rooﬁng method.
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Fig. 5. The sequence of excavation with various steps in different drifts.
F
e
s
d
t
c
wFig. 4. The ﬁrst model (sequential excavation method).
.1. Sequential excavation methodAfter the modeling of stationary situation in the ground, the
imulation of different stages in the model was started. The dif-
erent stages of excavation and the stages of temporary and ﬁnal
upport installation are shown respectively in Figs. 5 and 6. The
able 1
oil parameters around the subway station (Zamin Fanavaran Engineering Co.,
007).
Layer Thickness
(m)
dry
(kN/m3)
sat
(kN/m3)
E  (MPa)  c (kPa) ϕ (◦)
Top soil 2 18.5 – 23 0.36 15 18
Top clay 8 19.6 – 30 0.34 25 21
Sandy soil 25 19 20.5 60 0.25 2.5 32
Bottom clay 41 19.1 20.2 80 0.37 45 25
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sig. 6. The sequence of excavation and the installation of support systems in differ-
nt stages.
equence of excavation is according to drift number so that the
istance between different drifts in Fig. 5 is kept until the comple-
ion of excavation. We  should consider that the twin tunnels were
ompletely excavated by TBM before the excavation of the sub-
ay station. The drifts No. 3 were excavated and the segments of
he subway tunnels were removed simultaneously, and the mag-
itude of advance step is equal to segment length along the tunnel
xis (1.5 m)  in the drifts No. 3. Considering the great inﬂuence of
dvance step on ground surface settlement, ultimately the advance
tep in drifts No. 4 is chosen to be equal to 1 m. The sequence of
xcavation and the support systems applied in the model are shown
n Fig. 7.
.1.1. The selection and simulation of support systems
For supporting drifts, three types of supports were used that arehe combination of shotcrete, lattice girder and welded wiremesh.
able 2 shows the characteristics of lattice girders, the parameters
n which are illustrated in Fig. 8; and Table 3 shows the different
upports used for supporting drifts. One of the key factors is
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Fig. 7. (a) The sequence of excavation applied in the model and (b) the support
systems simulated in different stages.
Table 2
The characteristics and types of lattice girders.
W (cm3) J (cm4) A (cm2) B
(mm)
H
(mm)
Weight
(kg/m)
S
(mm)
D
(mm)
Type
72 302 28/28 10 160 25/53 30 10 100
124 871 28/28 14 200 25/92 30 10 140
178 1606 28/28 18 240 26/87 30 10 180
Fig. 8. Regarding lattice girders cross-section, in Table 2, A is the area of four bars.
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Table 3
The different support systems used in the drifts.
Support
type No.
Combination
1 Shotcrete 26 cm,  welded wire mesh and lattice girder of type 100
2  Shotcrete 30 cm,  welded wire mesh and lattice girder of type 140
3  Shotcrete 34 cm,  welded wire mesh and lattice girder of type 180
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bending moment and thrust force, ultimately, the reinforced con-arameters B, H, S and D are respectively the lattice girders width, lattice girders
eight, bar size and stiffener diameter. W and J refer to the ﬁrst and second moment
f  area, and the weight of lattice girders is also shown in Table 2.
he stability of drifts faces in different stages; considering the
nstability of the drifts faces, the performance of shotcrete with
 cm thickness was proposed. For the modeling of lattice girder
nd shotcrete, the equivalent section approach introduced by
c
n
iig. 9. Vertical stress induced by the excavation of the subway station (unit: Pa).
arranza-Torres and Diederichs (2009) was  used. In this approach,
he equivalent thickness and Young’s modulus could be calculated
ccording to the following equations:
eq =
√
12
K1 + K2
D1 + D2
(1)
eq = n(D1 + D2)
bteq
(2)
here teq and Eeq are the equivalent thickness and the equiv-
lent Young’s modulus, respectively; Ki and Di (i = 1, 2) are the
exibility and compressibility coefﬁcients related to steel set and
hotcrete, respectively; n is the number of lattice girders used in b
eter length of shotcrete (Hoek et al., 2008; Carranza-Torres and
iederichs, 2009); and i = 1 (steel set) and 2 (shotcrete).
To calculate K and D, the following equations were proposed by
arranza-Torres and Diederichs (2009):
i =
EiAi
1 − 2
i
(3)
i =
EiIi
1 − 2
i
(4)
here Ei, Ai and i are the Young’s modulus, cross-sectional area
nd Poisson’s ratio, respectively.
.1.2. Support system design
One of the important factors in the support of underground
pace is the magnitude of bending moment and thrust force derived
rom support systems during excavation. In sequential excavation
ethod, columns play a determining role in the enduring of the
oad induced by the subway station excavation. The columns used
o support the station have the cross-section of 1.5 m × 1.4 m and
nvolves 50 bar with 30 mm in diameter. According to Fig. 9, the
aximum stress appears in the columns, showing the importance
f using columns in this method of excavation. According to ACI
18-89 (ACI Committee 318, 1989), the maximum stress induced
n the columns is less than the maximum endurable stress in the
olumns (safety factor Fs = 1.77).
For the ﬁnal lining of the station, considering the control ofrete with 40 cm thickness was selected (Fig. 10). According to
umerical results, the maximum bending moment and thrust force
n the ﬁnal lining (Fig. 11) are shown in Fig. 12 (Fs = 1.6).
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Fig. 10. The cross-section of the ﬁnal lining used in the station.
Fig. 11. Bending moment and thrust force induced in ﬁnal lining. (a) Bending
moment (unit: N m)  and (b) thrust force (unit: N).
Fig. 12. Thrust force–bending moment interaction diagram (ACI Committee 318,
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Fig. 13. Vertical displacement after the excavation of the station (unit: m).
Fig. 14. Ground surface settlement in the cross-section of the station.
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0.2 MPa  and the water content of the soil around the station is 15%.
The mechanical parameters extracted from diagrams are shown in
Table 4. The excavation sequence and installation stages of tem-
porary and ﬁnal support systems are shown in Fig. 17, and Fig. 18
Table 4
The mechanical parameters of the frozen soil.
K (MPa) G (MPa) c (kPa) ϕ (◦)
200 140 1000 25989).
.1.3. Obtained results
The vertical displacement extracted from numerical analysis in
equential excavation method for different support system types is
hown in Fig. 13. In this method, the displacement is constant after
0 m advance, consequently, because of eliminating the effect of
nderground excavation face, only the 60 m of the station has been
imulated. The results related to ground surface settlement are
hown in Figs. 14 and 15. About ground surface settlement, Skemp-
on and MacDonald (Murthy, 2002) suggested that the maximum
ngular distortion must be lower than 0.002 and also Skempton
nnounced that the maximum settlement must be less than 7.6 cm,
nd according to the 1955 Soviet code the allowable value of set-
lement is 8 cm (Murthy, 2002).ig. 15. Ground surface settlement in the cross-section at different excavation steps
support type 3).
.2. Large-diameter curved pipe rooﬁng method
Soil freezing before the excavation of underground structures,
n addition to preventing water ﬂow into underground space, has
any inﬂuences on increasing soil stability. This inﬂuence is obvi-
us in numerical results (Fig. 16). For the simulating of frozen
rea with about 2 m in thickness, the mechanical parameters of
rozen soil are necessary and these parameters were extracted from
iagrams announced by Lai et al. (2009) and Yang et al. (2010).
he vertical stress in the ground surrounding the station is about
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ﬁig. 16. The slide of soil between curved pipes and the stability of soil in the frozen
art.
hows the frozen soil and the support elements used for simulation
f the subway station.
.2.1. Support design
After the installation of curved pipes and ground freezing, the
ubway station space has been excavated in the whole length of
he station. After the excavation of the station space and tempo-
ary support, the process of segment cutting and the installation
f ﬁnal lining and columns started. The advance step for the per-
ormance of ﬁnal lining and columns is 5 m (the spacing between
wo columns in a row along the station). The circular columns used
or the ﬁnal support of the station is 70 cm in diameter, according
o ACI318-89 (ACI Committee 318, 1989), the columns are capable
f tolerating 10,919 kN thrust force. In this instance, the maximum
hrust force induced in columns is less than the permissible value
Fs = 2.1) (Fig. 19).According to Eq. (5), the magnitude of stress induced by bend-
ng moment and thrust force (Fig. 20) in curved steel pipes with
0 cm in diameter and 3.5 cm in thickness (outer diameter is 60 cm,
ig. 17. (a) The sequence of excavation and installation of support systems and (b)
nal lining and columns construction.
F
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F
tig. 18. (a) The excavation of model after the simulation of frozen soil and (b) the
upport elements installed in the model.
nd inner diameter is 53 cm)  is 289 MPa, which is less than the
ermissible value that pipes can tolerate (0.66fy):fb)max =
Fmax
A
+ MmaxC
I
(5)
ig. 19. The columns cross-section used for the ﬁnal support of the station and the
hrust force induced in columns (unit: N).
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Fig. 20. Bending moment and thrust force induced by the space excavation (the
spacing between the pipes is 1.5 m).  (a) Thrust force (unit: N) and (b) bending
moment (unit: N m).
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Fig. 22. Thrust force and bending moment induced in ﬁnal support system (the
distance between the pipes is 1.5 m).  (a) Thrust force (unit: N) and (b) bending
moment (unit: N m).
Fig. 23. The displacement of the ground surrounding the station after excavation
(unit: m).
F
sig. 21. The characteristics (bulk modulus) of initial soil applied in the model after
he  end of ground freezing stage and the performance of ﬁnal lining (unit: Pa).
here (fb)max, Fmax and Mmax are the maximum stress, the
aximum thrust force and the maximum bending moment,
espectively; and C, A and I are the pipe radius, pipe cross-section
rea and pipe moment of inertia, respectively.
Before the end of ground freezing stage, the ﬁnal sup-
ort of the station is performed. In order to model the ﬁnal
upport system, instead of frozen soil characteristics, the char-
cteristics of initial soil are applied in the model (Fig. 21),
nd the water pressure is applied on the ﬁnal support sys-
em which is reinforced concrete with 40 cm in thickness. In
his condition, the maximum bending moment and thrust force
nduced in support system (Fig. 22) are also in allowable limits
Fs = 1.6).
.2.2. Modeling results
For evaluation of pipes spacing, three different situations haveeen modeled (the spacing between the pipes is 1.5 m,  2 m and
.5 m).  Fig. 23 shows the displacement induced by the excava-
ion of the station. The ground surface settlement for different
F
s
nig. 24. Ground surface settlement in cross-section for different pipe spacing.
pacing between the pipes at various advance steps is shown in
igs. 24 and 25. In this method, the whole part of the station was
imulated because the displacement during the advance steps was
ot ﬁxed before 80 m excavation.
M.A. Cherlo et al. / Journal of Rock Mechanics and G
Fig. 25. Ground surface settlement in cross-section at different advance steps.
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Tig. 26. Ground surface settlement for different values of elastic modulus (1.3Ei , Ei
nd 0.7Ei , Ei is the initial elastic modulus).
. Sensitive analysis
In this section, considering the effect of different parameters
nd quantities on displacement and ground surface settlement and
lso the inﬂuences of parameters on the simulated models, the
ffects of different parameters such as cohesion, Poisson’s ratio,
lastic modulus, friction angle and the ratio of horizontal stress and
ertical stress (K) have been evaluated. The results show that the
nhancing of the cohesion, Poisson’s ratio, elastic modulus, friction
ngle and K value will decrease the ground surface settlement, and
ith the decreasing of these parameters the ground surface settle-
ent will increase. The changes in settlement are more sensitive to
he decrease of elastic modulus and Poisson’s ratio. The maximum
hanges evaluated for different parameters are about K value, espe-
ially the decrease of K value. For example, the ground settlement
or different values of elastic modulus is shown in Fig. 26.
. Conclusions
Considering the sensitive location of Naghshe Jahan Square as a
rominent historical structure in Isfahan, the evaluation of ground
urface settlement is inevitable. According to the results, the maxi-
um angular distortion on the ground surface in large-diameter
urved pipe rooﬁng method for different spacing between the
ipes, 1.5 m,  2 m and 2.5 m,  are respectively 0.00145, 0.00208 and
.00258. While using the pipes with 1.5 m spacing, the maximum
ngular distortion is less than the permissible values suggested
y Skempton and MacDonald (the maximum angular distortion is
.002) (Murthy, 2002). Therefore, considering the results derived
rom this study, large-diameter curved pipe rooﬁng method using
Y
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ipes with 1.5 m spacing is recommended as an excavation method
ith high safety factor for the excavation of the station. Concerning
equential excavation method, the maximum angular distortion
sing support type 3 is 0.00362 which is more than permissible
alue according to Skempton and MacDonald suggestion (Murthy,
002). Nevertheless, the maximum settlement in this method is
bout 7 cm (support type 3) which is in allowable limit regarding
llowable values proposed by Skempton (7.6 cm) and the Soviet
ode (8 cm). Consequently, this method could totally be considered
s an excavation method with low danger. The settlement value in
0 m distance from the station center in cross-section is zero, then
f the station is located further than this distance from historical
tructures, this method of excavation would be considered with
igh safety factor.
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